tion is computed during the movement (sect. 11 of the target article by Feldman & Levin [F&L] ). A similar conclusion follows independently from a hemispheric motor model (HMM) of intentional hand movements. The probability of obtaining the same conclusion independently at random is small. This observation increases the probability that both models are correct, including details that are part of only one model, but do not contradict the other one.
The HMM is presented in Gilad & Fidelman (1990) and Fidelman & Gilad (1992) . In these studies, the performance times for manual micromovements by right-handed males were correlated with their scores on tests for the right hemisphere. The subjects removed 12 objects, differing in shape and size, in a fixed sequence from one task board and replaced them in the appropriate recesses on the other task board. The hand movements were divided into the following four components (micromovements): Reach, Grasp, Move, and Position. Reach and Move are defined as spatial motions, whereas Grasp and Position are defined as exact motions. The experiment was filmed by a movie camera and the performance time of each component was determined by counting the frames. Two tests were applied for the right hemisphere. The first was the enumeration of dots presented simultaneously during 64 milliseconds (subitizing). The second test was a similar enumeration of different figures.
The performance terms of the micromovements and the scores on the right hemispheric enumeration tests were correlated. Most of the correlation coefficients were positive, that is, the more efficient the right hemisphere, the slower the hand movements. This effect is larger for the left hand (controlled by the right hemisphere) than for the right hand (controlled by the left hemisphere) with a 2-tailed significance of p = 0.0212. That is, this effect is not related to a nonright hemispheric factor.
According to Guiard et al. (1983) , movements are performed with a smaller constant error when using the left hand than when using the right. We explained this finding and our own by the existence of two alternative strategies for operating the hands. One strategy is a slower but more accurate one, related to the right hemisphere (the left hand). The second is a fast and inaccurate movement related to the left hemisphere (the right hand). Because the right hand (left hemispheric strategy) is less accurate, it requires more corrections, which are performed by the left hemisphere.
The exact motions (Grasp, Position) are more compound and require more adjustments. Conversely, the spatial motions, Reach and Move, require fewer adjustments while the hand is moving. That is, we may expect the positive correlations between the scores on the right hemispheric tests and the performance times of the spatial motions to be larger than the correlations related to exact motions. This hypothesis was confirmed experimentally with a 2-tailed significance of p = 0.004 for the right hand and p = 0.0212 for the left hand.
These observations are explained by the HMM as indicating that the right hemispheric strategy is to compute a representation of the spatial goal state; then the hand is sent to its spatial target with minimum corrections. The left hemispheric strategy is to begin the motion before the right hemisphere completes the computation of the spatial goal state; the left hemisphere performs corrections quickly by feedback monitoring (Gilad & Fidelman 1990, p. 160) . The longer performance time of the right hemispheric strategy is caused by the later initiation of the movements. The logical reason for this later initiation is that although the right hemispheric goal state of a subject serves both hands, the right hand is less accurate and faster. That is, the right hand does not fully apply the goal state and may begin its motion before the goal state is fully imprinted in the right hemisphere. It therefore applies the correction mechanism more extensively to correct the deviations. It should be noted that there is no clear distinction between the two strategies, and they may change continuously. We may accordingly expect that most subjects (except, perhaps, most extreme right hemispheric subjects) begin moving their hands before the computation of the destination is complete.
According to the conservative control strategy of the Lambda model, a movement may be initiated without determining its distance. The distance may be determined during the movement by computing the time needed to come as close as possible to the target. That is, the central control of the movement comprises two components: the determination of the direction and of the duration of the movement. This model is in line with the HMM. The spatial direction may be determined by the right hemisphere, whereas the temporal analysis may be performed by the left hemisphere. The spatial direction may be identical to the spatial goal state of the HMM; the arresting of the movement using temporal coding may be related to the left hemispheric corrections of the HMM. This arresting of movement is extended by F&L to double-joint and triple-joint movements. This extension may be identical to the left hemispheric series of corrections existing according to the HMM.
According to the HMM, the more efficient the right hemisphere is, the more time that is required to compute the direction of the movement. This is explained by the necessity to inhibit the former goal state of the movement imprinted in the right hemisphere. This inhibition is more difficult if the right hemisphere is efficient (Gilad & Fidelman 1990, p. 159 ). An additional factor causing the longer time for the right hemispheric strategy may be related to a negative correlation between the efficiency of the left and right hemispheres caused by the influence of sex hormones (see references in Fidelman & Gilad 1992). A right hemispheric subject, therefore, has an inefficient left hemisphere that requires more time to compute the duration of the movement. This movement is hence slower, to allow more time for computing its duration. That is, even extreme right hemispheric subjects may begin their hand movements before the computation of their duration is complete.
We observe that the Lambda model and the HMM can be integrated. Each of the models contributes details to the unified model. We find ourselves in an interesting predicament: we would like to believe that the theory put forth in the target article is essentially correct, but we are still not quite sure we understand it. Apparently we are not alone -Feldman and Levin's (F&L's) complaint is that others have consistently misrepresented the model as well. Unfortunately, the present paper does not appear to remedy the problem. Our commentary takes the form of a suggestion and an illustration. First, we suggest that the proponents of this and similar models (e.g., Bizzi et al. 1992 ) make better use of the mathematical conventions of dynamical systems theory. This would substantially improve clarity of the model and issues surrounding it. Perhaps Feldman and his colleagues believe that the use of quantitative notation will obstruct communication. In this instance, we suspect exactly the opposite is the case. Second, we illustrate the heuristic utility of this suggestion by taking another look at the redundancy problem (sect. 11.3 of the target article), briefly sketching an apparent misprediction from his theory. Then, we indicate the anchor point of our own (incipient) theory in the context of a \ model-compatible solution motivated by dynamical systems theory. The language of dynamics. Our suggestion for clarification of Feldman's theory breaks down into two parts: 1. Develop the mathematics of the model (sans physiological evidence) concisely, rigorously, and in one location (rather than scattered throughout the paper); 2. Make a more thorough use of standard dynamical systems theory language and plots. For those already familiar with the conventions, this tack would make the assumptions of the model unambiguous; for the unfamiliar, standard texts abound (e.g., Abraham & Shaw 1992; Hale & Kocak 1991; Hirsch & Smale 1974; Jackson 1989) . We understand that any model of such a complex system is itself likely to be complex, but there is no reason to make it unnecessarily so. For example, if we allow that muscle activation a is monotonically related to muscle force, equations 8, 9 and some of the text in section 4 yield: There is a growing tradition of dynamical systems theory application in behavioral modeling (e.g., Busemeyer & Townsend 1993; Schoner 1994; Schoner & Kelso 1988) , and the level of mathematical sophistication is increasing. In addition to precision and pedagogy, explicitly phrasing a model in the language of dynamics offers another benefit: new solutions and alternative (dynamical) hypotheses suggest themselves. We illustrate this point by reconsidering the redundancy problem discussed in section 11.3. Another look at redundancy. 1 Redundancy, the ability to solve a problem in more than one way, is a problem that faces actors whenever the number of degrees of freedom (df's) of the effector are in excess of the number specified by the task (i.e., most of the time). Although excess effector df's allow for flexibility in performance, they present the problem of selecting among an often infinite number of possible realizations. One solution is to constrain the effector df's in some fashion to make the task of effector mapping 1:1 (eliminating redundancy). This can be done by introducing a cost function (e.g., minimizing energy or distance) or equations of constraint (Feldman's synergies in sect. 11). However, these solutions violate certain characteristics of biological movement. We illustrate this in the context of a simple, redundant, dynamical system, and then offer a sketch of an alternative solution within the context of the authors' theory (Fikes & Townsend, in preparation) .
Moving models of motion forward: Explication and a new concept
Consider the system in Figure 1A , a two-joint arm operating in Cartesian two-space with shoulder fixed at the origin. To create a redundant situation, we specify a one-df task, to locate the end effector at a particular value of y. For simplicity, we treat the dynamics in terms of the joints rather than muscles and consider only a first-order system (thus, we can plot the phase space for both joints in a plane). Figure IB depicts the phase-space of a constraint-based solution, a synergy in which the joints are constrained to equal one another. A goal of y = 2 was selected, and a manifold corresponding to the forward kinematics (y = f(d), 3 = dy = d 2 ; b°ld line) plotted. The two stable equilibrium points of the system are at the intersection of y = 2 and this manifold. Note that, if unperturbed, the system will move to a new goal slate along this manifold to the nearest fixed point; if perturbed, it moves back onto the manifold and onto one of the same fixed points. Thus, the system exhibits equifinality in both task-space and joint-space (by equifinality, we mean simply that the system comes to the same equilibrium position in spite of perturbations). This violates a characteristic of human movement, namely, that we tend to equifinality in task-space but not effector-space (e.g., see Folkins & Abbs 1975) : the system does not seem to care how the task is achieved, as long as it is.
As an alternative, consider the strategy depicted in Figures 1C-D . In short, the strategy is to determine a 1-df manifold in jointspace that represents all possible joint configurations that would yield a desired goal (y value), and to define a phase space in which this set is an attractor (specifically, a continuous set of fixed points). In Figure 1C , we represent the collection of such manifolds for -1 < y < 4. Specific manifolds (contour lines) are drawn fory = {-1, 0, 1, 2, 3} on the three-dimensional structure in Figure 1C . In Figure ID , we define a vector field (gradient system) that produces trajectories toward the nearest point on the solution manifold for y = 2. Note that the vectors along the manifold are zero length -if the system is perturbed along the solution manifold, it will not compensate, but if it is perturbed off the manifold, it will restore onto it. Thus we produce equifinality in task but not effector (joint) space.
We believe this second solution is more reasonable as a model of biological movement, but we would like to emphasize that it is through the use of the language and conventions of dynamics that the two solutions are rigorously distinguishable conceptually. Again, we think the X model is probably a close approximation to what biological systems actually do, but we await a rigorous, concise, and coherent development of the mathematics, followed by qualitative and quantitative testing of the theory.
NOTE
1. We wish to thank Gregor Schoner for many helpful discussions on the topic of dynamical systems theory and its application to behavioral research during his stay at Indiana University in the summer of 1994. Many of the ideas presented in this section can be traced, directly or indirectly, to these conversations. Abstract: The X model suggests that detailed kinematics arise from changes in control variables and need not be explicitly planned. However, we have shown that when moving a grasped object, grip force is precisely modulated in phase with acceleration-dependent inertia! load. This suggests that the motor system can predict detailed kinematics. This prediction may be based on a forward model of the dynamics of the loaded limb.
As outlined in the target article, a central notion of the X model is that the kinematics of movement arise as a result of changes in control variables (CVs) and need not be explicitly planned. Feldman and Levin (F&L) appear to accept that CVs must be sensitive to parameters such as overall rate, direction, and displacement that define a task but they suggest that the central nervous system (CNS) does not need to be concerned with detailed kinematic features. Thus, for example, the smoothness characteristic of reaching movements is viewed as a natural consequence of dynamic processes rather than a planned feature of the motion trajectory (cf. Hogan & Flash 1987) .
Nevertheless, under certain conditions, it may be desirable to predict detailed kinematics accurately. For example, such a prediction would enable the motor system to make precise adjustments for potentially destabilizing loads that depend on kinematics. Recent results related to anticipatory grip force adjustments during rapid arm movements with hand-held loads (Flanagan & Tresilian 1994; Flanagan et al. 1993; Flanagan & Wing 1993) suggest that motion planning may involve the prediction of detailed kinematics. In these studies, subjects held an object in a precision grip with the tips of the index finger and thumb at its sides. In this case, grip force (normal to the objects surface) permits the development of frictional force to counteract gravitational and movement-induced loads. We have shown that when moving an inertial (acceleration-dependent) load, grip force is finely modulated in phase with fluctuations in load force arising from the movement; grip force rises as the load increases and falls as the load decreases. The tight coupling between grip force and load force is observed in vertical and horizontal movements made at varying rates and in different directions (see Fig. 1 ). Despite marked differences in the form of the load force function across conditions, grip force adjustments anticipate changes in load force in all cases. Moreover, the tight linkage between grip and load is observed within conditions. For example, there are strong correlations between peaks in grip force and load force both in timing and amplitude. Finally, we have demonstrated that changes in grip force parallel fluctuations in inertial load regardless of the articulators subserving the motion of the object.
These results indicate that the motor system is able to predict accurately the time of occurrence of the peaks in the acceleration profile of the hand-held object and the load properties of the object. (On the basis of this information, the load force can be predicted and the grip force adjusted accordingly.) Thus, the results suggest that the motor system is able to predict detailed features of the kinematics. It seems unlikely that detailed kinematics can be directly predicted from changes in CVs underlying the movement. The X model suggests that the trajectory of the actual hand will, in general, deviate substantially from the trajectory of the equilibrium position of the hand (equilibrium trajectory). Moreover, the extent of deviation will depend on the load and the form of the CVs themselves. At least in the case of rapid movements, the equilibrium trajectory of the hand would appear to be
